The decision to develop a particular life support technology or to select it for flight usually depends on the cost to develop and fly it. Other criteria such as performance, safety, reliability, crew time, and technical and schedule risk are considered, but cost is always an important factor. Because launch cost would account for much of the cost of a future planetary mission, and because launch cost is directly proportional to the mass launched, equivalent mass has been used instead of cost to select advanced life support technology. The equivalent mass of a life support system includes the estimated mass of the hardware and of the spacecraft pressurized volume, power supply, and cooling system that the hardware requires. The equivalent mass of a system is defined as the total payload launch mass needed to provide and support the system. An extension of equivalent mass, Equivalent System Mass (ESM), has been established for use in the Advanced Life Support project. ESM adds a mass-equivalent of crew time and possibly other cost factors to equivalent mass. Traditional equivalent mass is strictly based on flown mass and reflects only the launch cost. ESM includes other important cost factors, but it complicates the simple "flown mass" definition of equivalent mass by adding a non-physical mass penalty for crew time that may exceed the actual flown mass. Equivalent mass is used only in life support analysis. Life Cycle Cost (LCC) is much more commonly used. LCC includes DDT&E, launch, and operations costs. For Earth orbit rather than planetary missions, the launch cost is less than the cost of Design, Development, Test, and Evaluation (DDTBE). LCC is a more inclusive cost estimator than equivalent mass. The relative costs of development, launch, and operations vary depending on the mission destination and duration. Since DDT&E or operations may cost more than launch, LCC gives a more accurate relative cost ranking than equivalent mass. To select the lowest cost technology for a particular application we should use LCC rather than equivalent mass.
INTRODUCTION
This paper begins by discussing the role of cost in system design and technology selection and then describes the use of equivalent mass as a proxy for launch cost. Then the three major costs that comprise Life Cycle Cost (LCC) are described. These are DDT&E (Design, Development, Test, and Engineering), launch and emplacement, and operations costs. , * .
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Unfortunately, system requirements are sometimes poorly defined, or changing, or difficult to achieve with acceptable cost. And even when the requirements are solid, different designs often perform their intended functions more or less well, or have accompanying benefits or penalties. How can we compare systems that do not meet the same requirements in exactly the same way?
BENEFITKOST RATIO -The merit or cost-effectiveness of dissimilar systems can be weighed using the benefitto-cost ratio. (Larson and Balogh 2000, p. 51) 
Merit = benefitkost
If the different systems can not be scaled to have equal functional performance, perhaps because they are already in final flight packaged form, the benefit might be the quantity of the desired life support product. For example, the benefit might be oxygen generating capacity. In other cases, the system benefit might be a complex figure of merit combining functional performance with other factors such as flexibility or commonality. Many different metrics have been used to evaluate life support systems. (Jones 1999) RISK -Every system has some risk of failure. Any shortcoming in providing vital life support functions is extremely serious, and life support designers do not intentionally accept a significant risk of failure. But some life support equipment may provide amenities or only perform monitoring or experiments. In such cases, some non-negligible risk of failure may be acceptable to save cost. In this case, the system benefit should be weighted by the probability of success in providing the benefit. (Larson and Balogh 2000, p. 51) Merit = (probability of success *benefit)/cost
The merit or cost-effectiveness might be elaborated to include several different benefits with different probabilities of success. Similarly, the estimated cost might be replaced by its expected value over different system development and mission scenarios. Risk analysis is an important aspect of system design. (Jones 2003) The above simple formula for system merit manages to capture the key factors in system design. Costs and benefits must be traded off while considering risk. Cost alone is not a sufficient basis for design decisions. Benefits and risks must be explicitly considered.
COST AND MASS -Cost is an extremely important design factor, but cost is difficult to predict. Preliminary cost estimates are often highly inaccurate, due to intrinsic imprecision of the methods, to unanticipated future events, or to excessive optimism. Because of the difficulties using cost, early project design decisions are often based on estimated mass rather than estimated cost. Mass is a more objective physical quantity than cost. Mass directly determines launch cost. Development cost models are usually based on mass. We next consider equivalent mass as a cost metric.
EQUIVALENT MASS
DEFINITION -The equivalent mass of a system is the sum of the estimated mass of the hardware, of its required materials and spares, and of the pressurized volume, power supply, and cooling system needed to support the hardware in space. Equivalent mass is the total launch mass needed to provide the system function. Equivalent mass directly determines the launch cost. Reducing equivalent mass reduces launch cost, which is a large portion of the total cost of a planetary mission. ESM is simply the traditional equivalent mass with the addition of mass representing crew time and "other costs." We first describe traditional equivalent mass and then ESM.
EQUIVALENT MASS COMPUTATION -How do we compute traditional equivalent mass? Equivalent mass includes mass, m, volume, v, power, p, cooling, c, and logistics, I. More precisely, equivalent mass (EM) is equal to the sum of the system mass, m, the equivalent mass of the required volume, EM(v), the equivalent mass of the required power supply, EM@), the equivalent mass of the required cooling system, EM(c), and the mass (M) of the materials and spares logistics, M(I).
EM(system) = m + EM(v) + EM(p) + EM(c) + M(I)
= EM (m V, P, C, 1)
Equivalent mass is easily computed if we have the estimated mass and volume and the power, cooling, and logistics needs for a system. Traditional equivalent mass is based on these fundamental, easily estimated, physical quantities. Values of these parameters for some systems have been obtained from prototype data and have been published for some ALS components.
(Eckart 1996) (Carrasquillo et a/. 1992) .
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Two of the quantities in the equivalent mass of a system are masses themselves. m is the sum of the launch weights of all the equipment in the system. M(I) is the sum of the launch weights of all the logistics (spares and resupplied materials) needed by the system for the duration considered.
Three other quantities are not masses. Volume, power, and cooling must be converted from cubic meters or Watts into kilograms. This is done using conversion factors called the mass-equivalents of volume, power, and cooling. For any required factor not measured in mass units, the equivalent mass, EM, is computed as the required quantity, f, of the factor times the massequivalent of the factor, me(f).
EM(f) = f * me(f)
How do we find the equivalent mass of the pressurized volume required by the system? Given a structure with a known mass that provides a certain pressurized volume, we divide the mass by the volume to determine the mass-equivalent of volume, me(v), as so many kilograms per cubic meter.
me(v) obviously is larger for steel than for inflatable modules. Multiplying the pressurized volume required by our system, v, by the mass-equivalent of volume, me(v), we obtain the equivalent mass of the system's volume.
The equivalent mass of the system's allocated portion of the power supply is found similarly. The power supply requires a certain launch mass and is at least partly housed in pressurized volume. Thus the power supply itself has an equivalent mass based on its own mass and required volume.
EM(power supply) = m + EM(v)
The power supply equivalent mass is divided by the power supply capacity in Watts to determine the massequivalent of power, me(p).
me(p) = EM(power supply) / [capacity of power supply] me(p) is larger for solar than nuclear power. Multiplying the power required by the life support system, p, by the, mass-equivalent of power, me(p), we obtain the equivalent mass of the system's allocated portion of the power supply.
The equivalent mass of the system's allocated portion of the thermal cooling system is found similarly. The cooling system requires a certain launch mass and is partly housed in pressurized volume. The cooling system has an equivalent mass based on its mass and required volume.
The cooling system equivalent mass is divided the cooling system thermal capacity to determine the massequivalent of cooling, me(c).
Multiplying the cooling required by our system by the mass-equivalent of cooling, we obtain the equivalent mass of the system's cooling.
EM(c) = c * me(c)
Including mass, volume, power, cooling, and logistics, we have
There are some minor ambiguities in the calculation of equivalent mass. The power supply requires cooling and the cooling system requires power. The pressurized volume itself requires active environmental control and uses power and cooling. Sometimes the equivalent mass of volume is neglected for the power supply, cooling system, and even for the system hardware itself.
(See Appendix A.) Although the allocation of mass to different systems can be somewhat arbitrary, we can confirm at the launch vehicle level that all the launch mass is allocated reasonably, to one and only one subsystem.
ESM (EQUIVALENT SYSTEM MASS)
ESM was established by NASA Advanced Life Support for use in the ALS Metric (Drysdale and Hanford 1999). ESM has been used in NASA technology project selection (Maxwell and Drysdale 2001) . ESM includes traditional equivalent mass described above (mass, power, volume, cooling, and logistics) with the addition of masses representing the crew time to operate the system and possibly "other cost factors."
Drysdale presented the definitive description of ESM at an ALS Systems Workshop on March 26, 1998. His chart "Equivalent System Mass -The Concept" reads:
"Equivalent mass is the total of all masses essential to a life support system including fixed and time-dependent masses of the system, mass of pressure vessels amortized for the life support system and any crew access required for the life support system (e.g. O&M), amortized mass of power systems required to run the life support system, amortized mass of heat rejection for electrical power used and any process heat (e.g. combustion, metabolism), mass of life support for the where mi = initial mass, mv = mass of pressurized volume, mp = mass of power required, mc = mass of cooling needed, mct = mass for crew time required, and ml = logistics mass." (Drysdale 2002) In both presentations four years apart, ESM includes traditional equivalent mass (mass, volume, power, cooling, and logistics) plus crew time and "other cost items" or "anything else that can be defined in terms of mass."
The papers describing ESM as differentiated from traditional equivalent mass) that are reviewed in Appendix A all include crew time but none mention "other cost items" or "anything else" as a factor. However, these papers all provide inclusive definitions of ESM. ESM includes "mass penalties for infrastructure support (notably power and cooling)," (Drysdale and Hanford 1999) or "the mass of all entities, including the structure required for pressurized volume, power system, and cooling system, that are required to make a life support system (LSS) function as intended." (Levri et a/. 2000) The general terms "infrastructure" or "all entities ... required would allow "other cost items" to be included.
Why include crew time and "other cost items"? Because "total cost must be considered and "crew time is such a significant CELSS (Controlled Ecological Life Support System) cost factor." (Drysdale et a/, 1992) Drysdale et a/. wanted to consider total cost and to include all important costs. Unfortunately there are problems in computing the equivalent mass of crew time and identifying the "other cost items" in ESM. "Other cost items" has always been undefined. No examples were found in the literature reviewed in Appendix A. In the March 11, 2002, teleconference where the definition and calculation of ESM were described, "other cost items" was strongly objected to and declared inoperative.
The current ALS definition of ESM is traditional equivalent mass plus the equivalent mass of crew time. Unlike traditional equivalent mass, ESM does not correspond to a simple physical concept. The traditional equivalent mass of a system includes all of the launch mass required to fly and operate the system. The equivalent mass of the crew time required to operate a system is an additional penalty mass that may be based on the equivalent mass or some other mass. (Jones 2001) Even with the addition of crew time, ESM crew time falls short of representing total cost, since it does not reflect design, development, and operations costs. 
APPLICATION OF EQUIVALENT MASS
Even when we merely want to know the launch mass needed to provide a particular system, there are two significant problems in using equivalent mass. These are the effects of location and of mass reduction on the actual mission cost.
LOCATION -We first consider the effect of system location. The justification for using equivalent mass as a cost metric is that launch cost is a large portion of the cost of a planetary mission and that launch cost is proportional to launch mass. This is reasonable, but most of the mass that is launched to low Earth orbit is not in the payload used on the planetary mission, but in the rockets and propellant that carry the payload to the planetary location. Of course, the mass needed for propulsion is proportional to the mass of the payload. The problem is that different life support systems and materials are used in different locations, in transit to the planet, orbit, descent, ascent, and transit back to Earth. (Fisher 2003) Because the propulsion system used in one travel stage is part of the payload for the previous stages, payload mass becomes several times more expensive with each The limited technical information available early in the project cycle and the approximations used in equivalent mass reduce its accuracy to within an order of magnitude.
Equivalent mass can provide a summary of a more complete analysis. Even when equivalent mass and only equivalent mass is presented to justify technology selection, it is rarely considered sufficient. Decision makers want to know the details, including the systems' mass, volume, power, cooling, logistics, and crew time requirements. They also want to know the power and volume mass equivalents and if solar or nuclear power and if a steel or inflatable structure was assumed.
It is probably better that traditional equivalent mass be used, including only mass, volume, power, cooling, and logistics, rather than ESM with its confusing addition of the equivalent mass of crew time. Crew time should be considered separately, since its importance depends on anticipated crew work load. . . .
The purpose of creating ESM by adding crew time and "other costs" to traditional equivalent mass was to include the most important costs. The benefit of ESM is that engineers and managers have a relatively straightforward method to include mass and cost considerations in design decisions. Using ESM is much better than ignoring the system-wide impact of mass and mass related costs. ALS should apply much more effort to mass reduction. The problem with ESM is that it does not correctly show the effect of mass, so that the actual mission cost impact will be much different than ESM indicates. ESM is not a good estimator for mission cost of even for launch cost.
It would be possible to create a more useful cost metric that included the development and operations cost and also reflected the actual emplacement cost rather than only the launch cost. However, it seems better to simply identify and combine all the mission costs, including DDT&E, launch and emplacement, and operations. These are the major elements of the Life Cycle Cost (LCC) that will be considered below.
DDT&E (DESIGN, DEVELOPMENT, TEST, AND ENGINEERING) COST
Parametric cost models provide the most effective way to estimate the DDT&E cost of space hardware early in the mission cycle. Parametric cost models use cost estimating relationships (CERs) that appraise the cost of a system using its quantitative characteristics. The most common cost determining parameters are the system dry mass and the quantity to be produced.
NASA uses three different parametric models for crewed space systems; the commercial PRICE-H space hardware cost model, the NASA-Air Force Cost Model (NAFCOM), and the Advanced Missions Cost Model (AMCM).
PRICE -The PRICE parametric cost models are those most frequently used in aerospace. PRICE models exist for hardware development, hardware maintenance, software development, and scheduling. PRICE-H estimates the hardware development and production cost. There are different models for different mission types. The basic input parameters are two masses, the active electronics mass and the less costly mechanical/structural mass. The most important elements of the model are the costs per unit mass for electronics and mechanical/structure. These are obtained from tables or by calibrating the model using relevant past costs. The third input parameter is the engineering complexity, which reflects the scope of the development task, the skills of the development organization, and the amount of design repetition. The number of development and production units is required and a production learning curve may be defined. (Guerra and Shishko 2000, p. 945 ) (Greenberg 1992 Space Center developed the AMCM (Advanced Missions Cost Model) to improve on models based only on mass. The AMCM is appropriate early in conceptual design where little detailed data is available. The model is a single CER using mass, quantity, mission type, number of design generations, and technical difficulty to estimate the total system cost for DDT&E and production.
The AMCM formula for the cost of DDT&E and production in millions of 1999 dollars is:
Q is the total quantity of development and production units, M is the system dry mass in kilograms, T calibrates for the type of mission (2.14 for human habitat, 2.4 for crewed planetary), G is the hardware generation (1 for new design, 2 for second generation), and D is the estimated difficulty (0 for average, 2 for very difficult, and -2 for very easy). (Guerra and Shishko, pp. 946-7) (Greenberg, The mission type will be the same for all the life support system technologies being compared, but the other parameters may differ. If the quantity is one, the mission is crewed planetary, the design is first generation, and the difficulty is average, the formula reduces to Cost = 10.59 M o.66. For equipment weighing less than 1,000 kg, the estimated cost per kilogram is more than one million dollars. This is much higher than for the Shuttle or ISS, which are not planetary missions. For two units, Q = 2, the total cost increases only by 50%. The cost for a second generation design is 78 percent of that for a first generation design. A very difficult development with D = 2.5 increases estimated cost three times, while a very easy development with D = -2.5 decreases cost to onethird. A significant cost adjustment can be made by considering difficulty of the current development compared to past programs of the same type. (The JSC AMCM is online at http://www.jsc.nasa.gov/bu2/AMCM. html)
For equipment for a human space habitat (T = 2.14), with quantity of 4, mass of 100 kg, a second generation design, and very low difficulty (D = -2.5), the total cost is roughly $40 million. The cost per delivered kilogram for
four 100 kg units is $40,00OW400 kg = $1 OOWkg. This is similar to the Shuttle or ISS costs per kg. The DDT&E cost for human missions is typically $100 Wkg, with a range of from $ 5 0 to 150 Wkg. (Wertz and Larson 1996, p. 254) (National Academy Press, App. C) (Larson and Pranke 2000, p. 953 ) Moon The AMCM model uses familiar input parameters. Cost decreases with the quantity of units, Q, due to the effect of experience reflected in the learning curve. Q includes development units, credit for partial units and mock-ups, test units, and flight units. The dry mass, M, is the most frequently used cost estimation parameter. Different types of missions have had very different costs per kilogram. The type of mission, T, is designed to allow the AMCM formula to include a range of missions. Cost decreases with the level of design inheritance. This is reflected in the number of modifications or past generations, G.
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The most subjective parameter in AMCM is the difficulty, D. Adjustments for difficulty or complexity are also used in the PRICE and NAFCOM models. The difficulty parameter adjusts for differences in technology, materials, manufacturing processes, parts count, design inheritance, schedule, the number of different organizations involved, and even the developing organization's experience and culture. (Guerra and Shishko, p. 947) 
LEO to Moon or Mars
The total DDT&E cost and the cost per kilogram depend strongly on the type of mission. Costs are much higher for planetary missions than for Earth orbit missions. This is partly due to the need for higher performance and reliability, but more because of the much higher emplacement cost per kilogram for planetary missions. Reducing system mass as much as possible for missions beyond LEO significantly increases the total DDT&E cost and the cost per kilogram while reducing the mass, emplacement cost, and total mission cost. We next consider launch and emplacement cost. The launch cost is significantly higher than this since the cost of launching the transit and landing vehicles must be added. Tables 1 and 2 Suppose that the total initial mass of the life support system, the propellant, and the vehicles is 20 times the mass of the life support system alone. 
LAUNCH AND EMPLACEMENT COST
OPERATIONS COST
The operations phase of a human space mission begins when Earth orbit is achieved and continues until the crew is returned safely to Earth. The payload design complexity and the mission duration are the two major drivers of operations cost.
The operations cost for life support includes the material and spares cost, spacecraft crew time cost, ground control crew cost, and sustaining engineering. Long term bases require resupply, but limited duration visits probably will not. The resupply cost depends on its material cost, usually low for air, water, and food but high for spare parts, and the launch cost which is high for LEO and much higher for emplacement beyond LEO. The time the crew must spend on operations and maintenance can be a significant distraction from other work, but the appropriate cost depends on the total crew work loading. The ground crew cost depends on the size of the ground crew and the duration of the mission. 
LIFE CYCLE COST (LCC)
100
One major objective of ALS research is to minimize the total life cycle cost (LCC) of mission life support. LCC is a basic metric in systems analysis and is usually part of NASA mission design. LCC includes the costs incurred for life support during the development, launch and emplacement, and operations phases of a human space mission. The relative cost of these mission phases varies and some costs can be traded between mission phases, so we should design life support to minimize the total mission cost rather than the cost of any one phase.
The proportions of DDT&E, launch and emplacement, and operations cost in the total mission cost depend on the mission location and duration. For manned space missions to LEO budgeted for ten years, such as Shuttle and ISS, the mission cost breakdown is typically 5% for analysis and definition (phases NB), 40% for DDT&E (phase C/D), 15% for launch (phase E), and 40% for operations (phase F). (Guerra and Shishko 2000, p. 938)
The life support budget for future LEO missions could have a similar breakdown, so that DDT&E and operations costs would be much more important than launch costs.
For a five year mission beyond LEO such as to the Moon or Mars, the total mission cost would be higher. Following Table 4 above, we can assume a DDT&E cost of $ 500 klkg for a planetary payload, and a launch and emplacement cost of $ 513.5 k/kg including the vehicles. The operations cost is roughly 11 % of DDT&E per year, $ 5 5 klkg per year, and $275 klkg for five years. Analysis and definition is assumed to be 5% of the total. These amounts are showr! in Table 5 below. The percentages of cost in each mission phase are also shown in Table 5 . The budget breakdown is 5% for analysis and definition, 37% for DDT&E, 38% for launch and emplacement, and 20% for operations. The change from the ten year LEO missions considered above is that the operations cost percentage is half and the launch cost is 2.5 times, in percentage terms.
The launch and emplacement cost for missions beyond LEO is not most of the total cost and it could be lower. The large launch cost to send payload mass beyond LEO requires and justifies a high investment in DDT&E to reduce launch mass. This is usual in the design of robot planetary probes. The launch cost should not dominate total cost in agood mission plan. The correct approach for missions beyond LEO is to spend additional DDT&E funds to decrease the mass and launch cost, in order to minimize the total mission cost. A mission that remains in Earth orbit has much less incentive to reduce mass than a mission going beyond LEO. ALS technology selection, mission design, and mass reduction efforts should use LCC to make the most effective decisions.
CONCLUSION
ISS did not use equivalent mass to select its life support technology. (Carrasquillo et al. 1992 The main reason to use LCC in preliminary technology selection is that it considers the total mission cost. Equivalent mass is a proxy for launch cost alone, which excludes most of the mission cost. Development, operations, and even emplacement costs are based on other cost factors in addition to mass. Defining the estimated LCC begins the process of cost tracking and control and helps to reduce the real cost. LCC can incorporate NASA cost estimation research for DDT&E, launch, and operations. Using LCC will increase awareness of the high cost of human space missions and encourage efforts to reduce cost. This contrasts with equivalent mass, which was devised partly to avoid emphasizing the problem of high costs.
As we consider using equivalent mass or LCC as cost metrics, we must remember that cost is not everything. Many other factors affect mission design and technology selection. These include system performance, risk, reliability, and safety. 
DEFINITIONS, ACRONYMS, ABBREVIATIONS
APPENDIX A: DEFINITIONS OF EQUIVALENT MASS AND ESM
The concept of equivalent mass has been used in planning long duration human space missions since the Apollo era. Equivalent mass was originally called equivalent weight. Sometimes launch cost was computed using a total launch weight similar to equivalent mass. In 1998 NASA's Advanced Life Support Program established the use of a related concept, Equivalent System Mass (ESM), for Headquarters reporting and research project selection.
The purpose of the annotated bibliography and discussion below is to trace the definition of equivalent mass and ESM over time. It shows that equivalent mass has a traditional and well-understood meaning. The equivalent mass of a system includes the masses of the hardware itself, its spares and resupplied materials, and the allocated masses of the pressurized volume, power supply, and cooling needed to support the system. The equivalent masses of volume, power, and cooling are computed using mass equivalencies derived from the masses of the pressurized structure, power supply, and cooling system. Drysdale's concept of equivalent mass added a mass equivalent of crew time. This tool is used in this study to provide an objective basis for evaluating such considerations as fixed weight, expendables, power and heat rejection requirements, spares and redundancy to achieve reliability goals, suppression devices to maintain noise levels, and control devices to prevent contamination. These factors are converted to and included in the equivalent weight of the concept."
Even at this early date, equivalent weight included mass, logistics, power, and cooling. Except for the volume penalty corresponding to the mass of the required structure, the equivalent weight used in 1970 had all the factors usually found in equivalent mass.
[ This 1986 study used the term launch cost, which was based on ['on-orbit weight and volume, logistics weight and volume, power consumption, and heat rejection." But "(i)n relation to the total Shuttle capacity (on-orbit and logistics volume were) considered to be too small to justify comparison.'' "The launch costs for the subsystem on-orbit and logistics weight and the launch costs for the prorated power and thermal systems weight penalties can be totaled for each subsystem and compared." (pp. 52-4) Weights were converted to launch cost using the Shuttle capacity and estimated launch cost. Again mass, logistics, power, and cooling were included in launch cost while volume was considered but not used.
[ The terms "equivalent mass" "system equivalent mass" are well explained. "A more objective 'apples to apples' measure is needed to perform mission level analysis. We have developed a measure called 'equivalent mass' which quantifies the life support system impact on power, volume, and heat rejection requirements. Mass penalties are assigned for the incremental masses of the extra power system needed to power the equipment, the pressure shell needed to enclose the hardware's volume and to store consumables and expendables for one resupply cycle, and the heat rejection system to dispose of waste heat from the equipment. Mass penalties for the power system, heat rejection system, and pressurized volume are technology dependent and are designated in kg/kWe, kg/kWt and kg/m3, respectively. The mass penalties for a given life support system are added to the mass of the life support system hardware, consumables, and expendables to generate the system equivalent mass." Equivalent mass as defined here includes mass, volume, power, cooling and logistics.
[ The term "equivalent mass" is defined differently in the same conference as the previous paper. Manpower first appears here. "In evaluating mission options, total cost must be considered, including hardware design, development and test, hardware delivery, consumables and spares delivery, energy and manpower for operation and maintenance." (p. 1) "The four major cost drivers for an LEO manned space mission are design and fabrication, mass, energy, and manpower. Design and fabrication costs are disregarded in this analysis since: (a) most of the mass of a CELSS is module mass and low cost consumables mass, (b) fabrication of additional common modules is relatively low cost, and (c) module fabrication costs are much less than delivery costs. " (p. 4) "Overall resource cost was calculated by taking the system mass and adding the equivalent masses of energy and manpower. This provides a single cost factor for evaluating system options. The lower the equivalent mass, the better the system." (p. 6) Equivalent mass here includes mass, power, and manpower.
[ "To avoid subjective weightings, we have converted cost factors to mass units. The main cost factors for long duration space missions are thought to be equipment and consumables mass (measured in kg), pressurized volume (m3), energy (kWh), heat rejection (MJ), and crew time (man-hours). The required quantity of each cost factor needed for a particular mission scenario was estimated for the mission, converted into mass units using the appropriate equivalency, and the equivalent masses (EM) for the various cost factors were summed to provide an EM for that mission. The best mission scenario i s the one with the lowest EM when other factors such as safety and reliability are equalized by design." "The metric I have used most to date has been equivalent system mass (ESM)." "ESM is the mass of all the resources needed to make the system work. From previous studies, the procurement cost of the equipment can as a first approximation be ignored for space systems, as it is outweighed by the delivery cost. The cost factors that have been generally used are: system mass (kg), pressurized volume (m3), energy, power (MJ, kW), heat rejection (MJ/day, kw), and crew time (whe)." Equivalent system mass (ESM) is the 1998 name for the exact same metric that was called equivalent mass in 1997 (OCAM 2). "Equivalent system mass (ESM) is used as a measure of goodness of life support systems. It is an estimate of the life support system mass required to perform a mission, including actual mass of equipment, system commodities, and resupply requirements (consumables, expendables, and spares); the mass of the pressure vessel to contain the LS system (including space for crew access); the amortized mass of the power and heat rejection infrastructure to support the LS system; and a mass number for the crew time required to operate and maintain the LS system." Doll and Eckart compute the required mass, volume, power consumption, thermal heat load, and crew time for operation and maintenance. They mention consumables, expendables, and spares. "The concept of equivalent mass established mass as a common unit." (pp. 564-5 ) Their equivalent mass includes mass, consumables, volume, power, and cooling, but not crew time. "The equivalent-mass approach does not account for important characteristics, such as reliability and maintainability in terms of spares and crew time time may be one of the most important issues to evaluate." (p. 566) DISCUSSION OF HISTORICAL EQUIVALENT MASS AND ESM -The occurrence of the different factors in equivalent mass and ESM is shown in table A-1 below. Mass (m), volume (v), power (p), cooling (c), logistics (I), and crew time (ct) are the only explicit factors that are ever included in equivalent mass. Internal NASA presentations of ESM have included "and other costs," requirements. Depending on the mission scenario, crew but no specific costs were defined. The volume penalty may not be significant. It is highly correlated with mass, so it may not influence system comparisons. The cooling penalty was not included in two studies. Cooling load is often identical to the power requirement, so the power and cooling penalties are highly correlated. Volume and cooling have not been omitted in the six studies made since 1995. Logistics, the consumables and expendables, are not always mentioned but they indisputably contribute to launch mass. It is traditional and generally accepted that equivalent mass includes mass, volume, power, cooling, and logistics. 
TIME
SUMMARY -This appendix reviews the two methods used in ALS to compute the equivalent mass of crew time and shows they give the same result for low amounts of crew time. An alternate derivation using a different justification gives the same formula. Several problems with the equivalent mass of crew time are discussed. It is shown that the equivalent mass of crew time is not an actual additional physical mass. It is a penalty mass that involves double counting some selected actual mass. A method is presented that avoids double counting of mass or cost. The mass equivalent of crew time is acost benefit ratio that could be used as a metric.
COMPUTATIONS USED IN ALS -What is the cost of crew time in terms of mass? The basic approach is to identify some particular mass as the mass required to provide the crew time and then compute the mass equivalent of crew time, me(ct). A common assumption is that the mass necessary to provide all the crew time is the equivalent mass of the life support system. Since this mass is also included in traditional equivalent mass, allocating an additional life support system equivalent mass depending on crew maintenance time is a double charge, a penalty mass rather than an allocation of a real physical mass. 'The key assumption used to determine the crew-time cost factor is as follows: Time occupied in operation and maintenance of the LSS (Life Support System) takes away from time for useful work, and the crew size and its associated LSS would need to be augmented to maintain the amount of useful time on the mission. For example, if half of the crew's work time were taken up by LSS maintenance and repair, then in order to accomplish the goals of the mission two identical systems and crews would have to be sent. This would double the ESM. Likewise, if three-fourths of the crew's available work time were consumed by the LSS, four identical systems and crews would need to be sent in order to accomplish the goals of the mission, quadrupling the ESM. Thus, the total ESM of the system is simply the ESM for mass, volume, power and cooling, multiplied by the ratio of work hours available to useful work hours (work other than LSS work)." (Ls'iri et a/. 2000) In our notation the equivalent mass including mass, volume, power, cooiing, and logistics is EM (m, v, p, c, I ).
The Equivalent Systcm Mass (ESM) including equivalent mass (EM) plus crew time equivalent mass EM(ct) will be designated as ESM(EM, ct). The approach of Levri et a/. above is represented as follows:
The first term is the traditional equivalent mass and the second term is the crew time penalty. As Levri et a/. observe, the crew time penalty and the total ESM approach infinity as the time needed to operate and maintain the LSS (LSS ct) approaches the total crew time available (total ct). "This approach is considered to be adequate when the crew time requirement is a small percentage of the total crew time available." (Drysdale and Hanford 1999) The second approach assigns a fixed cost rather than an increasing cost per crew hour. (BVAD 2002) (Jones 2001) The fixed cost method uses a constant mass equivalent of crew time. (This is similar to the fixed mass equivalent used for the volume, power, and cooling factors in equivalent mass.) Given the equivalent mass for the life support system and the total crew time, we divide the equivalent mass by the crew time to determine the mass-equivalent of crew time, me(ct), so many kilograms per hour. The fixed cost approach is identical to the increasing cost approach of Levri et a/. except that the denominator of the crew time penalty term is "total ct" rather than "total ct -LSS ct," The fixed cost and increasing cost ESM's are very close when "LSS ct" is much less than "total ct," which is the suggested area of application of the Levri et a/. approach. (Drysdale and Hanford 1999) The maximum crew time penalty for "LSS ct" approaching "total ct" for the fixed cost approach is equal to the traditional equivalent mass. The maximum crew time penalty becomes infinite for the increasing cost approach.
Drysdale and Hanford suggest using the increasing cost Levri et a/. formula only when the crew time for LSS is a small percentage of total crew time, and using the fixed cost approach otherwise. This avoids the potentially infinite mass penalty for crew time. However, the increasing cost Levri et a/. formula is strictly correct, given its assumptions, whether LSS crew time is a large or small fraction of total crew time. The fixed-cost approach gives similar results only when the crew time requirement for LSS is a small percentage of total crew time.
The interpretation of the mass equivalent of crew time is as described by Levri et a/. in the passage quoted above. We start with a life support system that has a certain equivalent mass and provides a certain total crew time. We assume that all this crew time is intended for "useful work hours (work other than LSS work)." Suppose in the extreme case that instead all the total crew time must be used for LSS work. Then we send a second mission with a second crew and sacond life support system to do the useful work. But again all the second crew's time must be used for LSS work, and so on until we send an infinite number of missions. This justifies the infinite mass penalty in the increasing cost approach of Levri et a/.
What is the interpretation in the other extreme when a very small amount of the total crew time must be used for LSS work? Then we increase the size of the mission and the crew and the life support system proportionally, as [l + LSS ct /total ct]. This justifies the fixed cost approach above. The fixed cnst and increasing cost approaches give similar results for small added amounts of crew time, ALTERNATE DEEi'/ATION OF THE EQUIVALENT MASS OF CREW TIME -These arguments are not completely convinckg. The crew size and total crew work time are fixed missio:? paramekrs. The crew size can not be doubled 2nd ?:lpled. The crew size can not be increased by smali fractional persons. A different justification based 0.1 the cost benefit ratio can be used to reach the variab!e cost formula of Levri et a/. We start with a life support :;,{stern that has a certain equivalent mass and provides a certain total crew time. The total crew time is intenderi for exploration and science and for operations and maintenance. We define the total exploration and sciexe crew time, es ct, as the benefit of the mission. We assume as above that the cost of crew time is equal to the t-aditional equivalent mass of the life supportsystem, El\! !rn, v, p, c , I).
The initial cost/berlcr t ratio is Cost/benefit = E'in i:-v, p c , !) / es ct If the benefit 5 e\,-!orat,on and science crew time is reduced by an incre=sed rquirement for operations and maintenance ti-"?, ct, ti-e cqs: benefit ratio increases to To return to the more favorable original costlbenefit ratio, the equivalent mass would have to be decreased by some amount, A EM. The decrease in equivalent mass required to obtain the same cosvbenefit ratio can be regarded as the fair value of the decreased exploration and science crew time. If we could reduce equivalent mass this amount, we would have a comparable mission, one with the same cost/benefit ratio and the same crew size, but equally reduced cost and benefit. The reduced equivalent mass can be computed by equating the initial and final cosvbenefit ratios.
Cost/benefit = EM (m, v, p, c, I ) / es ct = [EM (m, v, p, c, I) Since A ct = LSS ct, and es ct = total ct -LSS ct, this is the same as the increasing cost approach of Levri et a/. If we accept that a mass penalty should be assigned for the use of crew time and should be added to traditional equivalent mass, the formula of Levri et a/., rederived here, seems the best way to do it.
PROBLEMS WITH THE EQUIVALENT MASS OF CREW TIMEProblem 1. Identifying the mass required to provide all the crew time is difficult. Above we used the equivalent mass of the life support system. It is as often assumed that the entire launch mass is required to provide the crew time.
"Most of the mass of a human space mission is needed to transport and support the crew, so the total mass and cost are approximately proportional to the number of crew (ignoring economies of scale). If we assume that the main purpose of the mission is to provide crew time, the total system mass is the appropriate cost for all the crew time." (Jones 2001) Increased cos:henc f = EFL (T., v, p, c , I ) / [es ct -Act] An early paper by D:.)sdale et a/. (1992) divided launch cost by crew time to get cost per hour, divided launch mass by launch cost :o get kilog:ams launched per dollar, then multiplied these numbers to get kilograms per hour, the mass equivalent of crew time. This is equivalent to dividing launch mzss by crew time, so that the entire launch mass is assurned to be needed to provide the crew time. The total launch mass might be three times the life support mass, so this uncertainty is significant. Ensuring the health and safety of the crew is the most important objective. Allocating crew time to maintain life support should not !:e discouraged by unrealistic mass penalties on crew tirrs use.
"On some missions the crew time needed may be less than the hours available, and then it is not appropriate to charge the actual cost. The crew needs important interesting work. ... The objective of assigning a cost to crew time shwld bs to ensure the best use of the available time, and gncourage the appropriate use of labor saving equipment in both mission science and crew support. We shouic! not necessarily minimize the total use of crew time or direct it from crew support to science." (Jones 230 I ) A major reason no: :3 combine crew time with traditional equivalent mass in ESM is that this distorts the optimal allocation of c r w ?irn=.
Problem 3. The assiqned equivalent mass of crew time can not be cl:sck,-?G in the same way as the factxs in traditional eqL4ivalen: mass. The actual hardware and launch mass that prwide pressurized volume, power, and cooling can be rc?idily identified. Crew time on site is not provided by pur::ose-built, separable, incrementally scalable hard*.:are. 2rew time does "require" mass, volume, etc., but it does riot physically "have" mass, epll '?ass of c r w time 1s 2 p-nalty imposed in ;ddit'?r +o ' -2 x t u a l anticipated I-irnch mass. The penalty is proportional to some actual mass but can be infinitely large. The penalty is a hypothetical cost that does not correspond to any reasonable mission design change. The actual crew size, mission duration, and total crew hours are fixed mission design parameters. Crew size can not be increased by fractional or whole persons to provide more operations time. A major reason not to combine crew time with traditional equivalent mass in ESM is that the crew time penalty does not represent expected launch mass. It is a temporary accounting device intended to influence the design process, not an prediction of the result of the process.
AVOIDING DOUBLE COUNTING OF MASS -There is a way to combine mass-based cost and crew time-based cost without double counting. One solution is to assign some fraction of the launch cost to launch mass and the rest to crew time. Suppose that the fraction of the launch cost assigned to launch mass is flm. Then the fraction assigned to crew time is (1 -flm). The total launch cost is L, the total payload mass is M, and the total available crew time is CT. The launch cost assigned to a unit mass is flm*UM. The launch cost assigned to an hour of crew time is (1 -flm)*UCT.
Suppose a system has some mass, m, and some crew time, ct. The total mass and crew time launch cost assigned to this system is m* flm*UM + ct*(l -f1m)'UCT. If we sum this over all systems we get M* flm*UM + CT(1 -flm)*UCT = L. This crew time penalty does not double charge. We should select some value for flm, to set the relative weights of mass and crew time. We can call this weighted mass and crew time penalty the mission cost metric. It is a specially designed system launch cost allocation depending on mass and crew time. It is measured not in kilograms but in some cost unit. Since L is the base cost and appears in all terms of the metric, its units can be set arbitrarily.
THE MASS EQUIVALENT OF CREW TIME AS A METRIC -The mass equivalent of crew time, me(ct) in kg/hour, is constant for a given life support design. Suppose we have a human habitat with life support, crew, etc., ready for launch. If we launch it to LEO or even take it to the Moon or Mars, the mass and the science crew time are still the same, and so is their ratio. The mass equivalent of crew time is a cost-benefit ratio, the mass cost divided by the crew science hours benefit.
The mass equivalent of crew time, the mass cost/crew time benefit ratio, is actually a better metric than traditional equivalent mass or ESM. It can be optimized. Different systems with different equivalent mass cost and crew time benefit can be compared. Selecting technology to minimize the mass equivalent of crew time would accomplish the original objective of ESM, reducing mass and maximizing science time. 
